Dear Editor,
Enterovirus 71 (EV71), which belongs to the genus Enterovirus of the family Picornaviridae, is one of the major pathogens that cause hand, foot and mouth disease, primarily in infants and young children. In recent years, epidemic and sporadic outbreaks of neurovirulent EV71 infections have been reported in many countries and regions, including Japan, China and Taiwan [1] . However, there is still no effective antiviral treatment against severe EV71 infections, and no vaccine is available.
During their life cycle, viruses can induce many changes in their host cells including increased plasma membrane permeability [2] . Although its detailed mechanism remains largely unknown, this effect on the plasma membrane could be due to the expression of many virusencoded proteins [3] [4] [5] . The expression of protein 2B from polioviruses and coxsackieviruses can increase the permeability of the cell membrane to the translational inhibitor hygromycin B [6, 7] . A recent study that focused on protein 2B from coxsackievirus B3 (CVB3) showed that 2B can facilitate virus release by increasing the concentration of free cytosolic Ca 2+ [8] . However, little is known about 2B proteins from other enteroviruses, and the detailed mechanisms of how 2B changes cellular ion homeostasis and, thus, promotes virion release remain unclear.
Because the 2B protein of CVB3 can form homodimers and homotetramers that are located primarily in the cell membrane system, including the Golgi complex [9, 10] , we asked whether the 2B proteins of EV71 might share similar characteristics. To address this question, the sequences of the 2B genes from these two viruses were compared. These sequences have relatively high similarity, especially within their two transmembrane domains (TM1 and TM2), structures that are essential for the function of viroporins (Supplementary information, Figure S1A) . Next, we examined the subcellular localization of the EV71 2B protein in human rhabdomyosarcoma (RD) cells and found that it colocalized with the Golgi complex (Supplementary information, Figure S1B ).
Finally, when the 2B protein was fused to an HA tag and transiently overexpressed in 293T cells, a ~13-kDa monomer, a putative 26-kDa dimer and a putative 52-kDa tetramer were detected after pull down in an immunoprecipitation assay using an anti-HA antibody. After treatment with β-mercaptoethanol (β-ME), which reduces disulfide bonds within proteins, the putative dimer and tetramer bands were no longer detected (Supplementary information, Figure S1C ). These data indicate that the 2B protein in EV71 has characteristics in common with ion channels.
To test whether the EV71 2B protein indeed forms an ion channel, we used two-electrode voltage-clamp recordings to measure membrane currents in Xenopus oocytes that were injected with complementary RNA (cRNA) encoding 2B protein with a C-terminal HA tag. Expression of 2B-HA in oocytes was confirmed by immunostaining with an anti-HA antibody. Using confocal microscopy, the 2B-HA protein was shown to mainly localize at the cell membrane, suggesting that 2B is an integral membrane protein (Supplementary information, Figure S2 ). Thirty-six to forty-eight hours after injection, a significant increase in membrane conductance was detected in the oocytes (Figure 1Ai and Aii). We also generated a dysfunctional mutant in which the entire TM1 domain was deleted. When injected into oocytes, this mutant showed a dramatic decrease in current, indicating that the current is not induced simply by RNA injection (Figure 1Aiii ). An I-V curve generated from four oocytes that were injected with 25 ng of cRNA showed that the 2B protein induced a current that was ~4 000 nA at −150 mV and the reversal potential is around −30 mV (Figure 1B) . These results suggest that the 2B protein might function as an ion channel in the oocyte membrane, thereby generating the observed current.
To explore the ion selectivity of the 2B-mediated current, ion replacement experiments were performed. Both the inward and outward currents decreased when NaCl was replaced with sodium gluconate (Figure 1Aiv and  1C) , and the reversal potential shifted from approximately −30 mV to −10 mV. In contrast, replacing the ex- Together, these data led to the hypothesis that chloride is the principal ion carried in the 2B-mediated current.
To further test whether 2B-mediated conductance is carried by chloride, we examined the effect of chloride channel inhibitors. The 2B-mediated current was partially inhibited by 4,4′-diisothiocyano-2,2′-stilbenedisulfonic acid (DIDS; Figure 1Av ). This inhibitory effect was concentration dependent ( Figure 1D ) but was difficult to recover. (We washed the oocyte with standard bath solution for about 3 min to attempt recovery.) Taken together, these data indicate that the 2B protein induces a chloridedependent current that can be partially blocked by DIDS.
Finally, we tested whether DIDS can affect virus life cycle in a cell culture system. A plaque assay revealed that even a relatively low concentration (10 µM) of DIDS significantly inhibits virus production, as the plaque size was dramatically reduced after treatment ( Figure 1E ). Next, RD cells were infected with the EV71 virus, followed by the replacement of fresh medium containing DIDS 30 min later. Forty-eight hours later, an EV71-induced cytopathic effect (CPE) was observed microscopically, and this effect was significantly smaller in the DIDS-treated cells compared with the control cells. The inhibition of CPE by DIDS was concentration dependent, with a range of 5-500 µM ( Figure 1F) . A volume of 500 µM DIDS conferred the maximum protective effect against CPE. Higher concentrations (800 and 1 000 µM, data not shown) were tested; however, as was seen for the 50% tissue culture infective dose (TCID 50 ), these higher concentrations did not cause significantly more inhibition than 500 µM. Moreover, at these higher concentrations, DIDS exerted morphological effects on the cells. In addition, we collected the cell supernatant for TCID 50 ( Figure 1G , left panel) and real-time RT-PCR ( Figure 1G, right panel) analyses. The results show that both the viral titer and the RNA levels in the supernatant markedly decreased after DIDS treatment, and this effect was concentration dependent. In conclusion, DIDS appears to protect RD cells from EV71 viral infection by inhibiting virus production.
Many viruses encode small hydrophobic proteins that form a pore-like structure and increase the membrane permeability of cells. These proteins were initially described as viroporins and are generally considered to be promising targets for antiviral drugs. In this study, we observed a similarity between the sequences of the 2B proteins from EV71 and CVB3, and then investigated their potential function as ion channels in Xenopus oocytes. Because they express low levels of endogenous ion channels, oocytes are a good system for testing the putative ion channels properties of proteins. However, we observed that the subcellular localization of 2B is different in oocytes compared with RD cells. This may be due to different expression patterns in these two systems. Moreover, it has been reported that the localization of 2B proteins is different when they are coexpressed with other viral products rather than expressed alone [11] . Therefore, the putative ion channel function and the native localization of the 2B protein should be detected simultaneously in an infection-permeability coupled assay.
A recent study has suggested that the CVB3 2B protein can mediate cytosolic calcium elevation [8] . However, our data demonstrate that the current induced by the EV71 2B protein is mainly carried by chloride ions. In this regard, the calcium elevation in the cytoplasm is likely to be an indirect phenomenon induced by the 2B protein. Some investigators have reported that certain anion channels in the Golgi complex may serve as the source of counter anions for H + -ATP transporters [12] . Moreover, the calcium uptake mechanism requires ATP to maintain homeostasis in the Golgi complex [13] . Thus, the 2B-mediated, chloride-dependent current may perturb anion homeostasis in the Golgi complex and ultimately lead to calcium leakage into the cytoplasm. Nevertheless, whether or not calcium ions can directly pass through a 2B channel needs more investigations. It remains unclear how 2B is involved in the viral life cycle. As a cytolytic virus, EV71 may primarily release its progeny via cell lysis. The 2B expression would perturb ion homeostasis and may disrupt cellular function [8] . Some studies have suggested that 2B induces cell apoptosis via a caspasedependent pathway [14] , which may explain the role of 2B in cell lysis. However, little direct evidence has been provided to establish a link between changes in permeability and 2B-induced apoptosis.
In this study, DIDS potently inhibited virus production in RD cells. We hypothesize that DIDS suppresses virus release by inhibiting the 2B protein-mediated chloridedependent current. However, as a classic anion exchanger blocker, DIDS also has effects on the cells themselves [15] . Nevertheless, in our study, DIDS had no significant effect on either cell growth or morphology at relatively low concentrations (≤ 500 µM), suggesting that the inhibition of DIDS on EV71 production can be primarily attributed to its effects on the 2B-mediated current. Clearly, additional experiments are needed to further test this hypothesis.
In summary, we report that the 2B protein may mediate a chloride-dependent current in oocytes, and DIDS, an inhibitor of this current, blocks virus production and virus-induced CPE in RD cells. This study provides a new approach for identifying potential anti-EV71 drugs. Moreover, understanding the properties of the 2B protein as an ion channel may help shed light on the life cycle of this virus.
